This work simulates propeller-hull interaction effects by a novel method namely, coupling a Vortex Lattice Method (VLM) with a RANSE solver. The VLM generates the propeller forces based on the inputs of blade geometry, wake at propeller inlet, the required thrust and the propeller revolutions. The propeller forces thus obtained are distributed in the fluid domain at the propeller disk region at specific cells. These cells lie close to the blade coordinates and the forces are assigned to the centroids of cells by means of a user-defined function (UDF). The introduction of the body forces into the fluid domain, emulates the propeller action in the field of flow with consequent influences on the flow kinematics. Therefore the interaction effect between propeller and ship hull is simulated successfully by coupling the two methods. Thereby the kinematical aspects such as effective wake conditions are obtained. The results based on the methodology have been verified by comparison with data from the KCS ship available in recent published literature. The method establishes a successful numerical tank approach in understanding the ship hull-propeller interaction problem.
INTRODUCTION
The assessment of performance of a propeller working near the ship hull is important in the design process. The well known interactive effects, mainly in the form of wake and thrust deduction fraction, are required to obtain the best geometry and to adapt the propeller to the actual working conditions. Traditionally physical modeling in towing tanks by means of self-propulsion tests has helped in establishing these characteristics for practical design purposes. In recent years, there has been steady progress in the use of numerical hydrodynamic tools (CFD) to simulate the flow past ships without and with the influence of propellers. The phenomenal growth in the speed of computational capability has brought this otherwise complex problem within the realm of numerical modeling and solution. The complexity arises due to the requirement of representing the rotating propeller with its continuous 3-D complex geometry near the ship hull. Recent research efforts have attempted the method of approach of directly modeling the propeller in the field of flow along with the ship hull in the computational domain. A rotating reference frame is used to simulate the action of the propeller. The iterative solution converges after several runs in order to stabilize the flow since the speed of the ship combined with the action of the propeller modifies the flow in the computational domain. Hence the simulation process tends to be computationally intensive. Dhinesh et al (2009) .
The design and analysis of propellers is also performed by the vortex lattice method, which is a subclass of the lifting surface method. In this method (Kerwin & Lee 1978 , Kerwin 1984 , the continuous distribution of vortices and sources are replaced by a finite set of straight-line elements of constant strength whose ends lie on the blade camber surface. The method essentially gives the optimum distribution of pitch, camber and mean line offset at various radii. The above method can be combined Fig. 1 presents the flow chart of the algorithm in a block diagram. The upper part of the block diagram defines the method of obtaining the propeller thrust and torque invoking the design process of a wake aligned propeller blade. Based on the wake, the radial circulation distribution is obtained. By the Figure 1 . Flow chart for obtaining propeller-hull interaction principles of the lifting surface method, the blade grid and the wake grid are generated and the velocities induced by the blade singularities and wake singularities are computed. Once wake alignment is achieved, the propeller related torque absorption and thrust delivered can be calculated. At this stage the results are coupled to the RANSE solver. Invoking the user-defined function subroutine, the cell specific thrust density values are allocated into the propeller swept volume sub-domain. Running the RANSE solver, gives the updated flow velocities under the influence of the propeller as represented through the body forces. The resulting updated wake distribution now enables to recalculate the circulation distribution as done in the first step. The propeller is thus iteratively improved for optimum performance.
WORKING DETAILS

Blade geometry
The parameters for blade geometry are given in Fig. 2 . They are propeller diameter, number of blades, pitch, camber distribution, skew, rake and thickness distribution of the blade surface as mean line offset. The face and back of the propeller are obtained by adding half the thickness to the mean camber line on either side. The mean camber line for different radii will describe the blade mean surface.
The mid-chord line initiates the blade formation. The mean blade shape is a space curve defined parametrically by the radial distribution of skew, θ m (r), and rake, x m (r). By advancing a distance ± c(r)/2 along a helix of pitch angle φ(r) passing through the mid chord line, one obtains the blade leading and trailing edge respectively. The blade mean surface may then be defined in terms of camber distribution f(r,s), where s is a non-dimensional curvilinear coordinate along the nose-tail helix which is zero at the leading edge and unity at the trailing edge.
The camber f, is measured in the plane of a cylinder of radius r at right angles to the nose-tail helix. Finally thickness t(r,s), is added symmetrically with respect to the mean line at each radius, again in a cylinder of radius r, and at right angles to f. The maximum values of f and t at a given radius are f 0 (r) and t 0 (r) and upon non-dimensionalization with respect to the chord c(r), are defined as the section camber and thickness ratios. The Cartesian coordinates of any point on the mean blade surface or on the actual blade surface are easily related to these functions. Here cublic spline functions are used to represent the above-mentioned geometrical quantities. The coordinates are based on specified or computed values at a set of radial and chord wise stations. The number of radial stations as well as their spacing is chosen conveniently at say every 10% interval of radius with additional half stations at both ends. A fixed set of 17 chord-wise stations are used, as per NACA guidelines for section data interpolation.
Wake parameter
The presence of the hull upstream of the propeller affects the inflow to the propeller. The tangential, radial and axial components of the inflow velocity are obtained from the RANSE solver by simulating the flow past the hull. Application of the Biot -Savart law gives the induced velocity component V induced . To obtain the velocity input for the VLM, subtract the induced velocity V induced from the total velocity V total i.e., V inflow = V total − V induced . The inflow velocity is used to update the body force.
Circulation and the resulting forces
The radial distribution of circulation generates forces which contribute to the absorbed torque and generated thrust characteristics of the propeller blades. The radial circulation distribution is spread on to the surface lattice of the mean blade surface by proper interpolation in both span wise and chord wise directions.
The total propeller thrust and torque are obtained by integration of local forces over the blades. The approach used here is to derive the total fluid velocity at the midpoint of each span wise and chord wise vortex element by interpolation based on the velocities computed at the control points. Application of the Kutta -Jowkowski law will then yield a concentrated force on each vortex element normal to the blade surface and the force on each side of the element is given by
Where total velocity calculated at the midpoint of the panel side, is the vector for each side and is the total circulation on one side of the panel. Each blade having M sp number of panels in the span wise direction and N ch number of panels in the chord wise direction is replaced by vortex elements and the force calculation is done by adding the forces derived by individual elements in each panel by Eqn. 1. The contribution from all panels is given by Eqn. 2. Refer Fig. 3 (2) Where x i,k is the coordinate of the mid point of side k of the panel i,U x,y,z ( ) x,y,z components of the velocity, Γ i is the circulation of the i th panel, K n is the weight function and l x,y,z,i,k is the x,y,z components of the vector on the mean blade surface. These forces, and their corresponding moment about the axis of rotation, may then be summed to obtain the total inviscid thrust and torque. 
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Tangential forces associated with viscous drag may be added to the existing force on each span wise vortex, with a magnitude proportional to an assumed drag coefficient, the elementary blade area and the square of the total velocity.
Coupling of VLM with RANSE solver
The Body forces representative of propeller action are introduced into the fluid domain to achieve the VLM -RANSE solver coupling. The User Defined Function (UDF) helps to achieve this coupling. The UDF enables to calculate the cell specific body force and identify the cell closest to the body force specific co-ordinate on the blade region in the sub-domain. See Fig. 8 . The algorithm conducts search restricted to the swept volume in the disk area indicated below.
The UDF thread stores the coordinates of all the cell centroids belonging to the sub-domain at a temporary location. Similarly, it stores the coordinates of the panels on the blade shape and corresponding propeller forces at a temporary location. The cell centroids in the domain are matched to the closest panel blade coordinates, by comparing their distances between the panel coordinates and the coordinates of the cell centroids around it. If more than one panel corresponds to the same cell centroids, then the forces are added and assigned to these cells. The forces are assigned as density so that the cells have forces corresponding to their cell volume. These force terms are used during the solution of the momentum equation. Once the cell centroid coordinates and the body forces are finalized the same is stored in User Defined Memory in FLUENT to avoid running a centroid search algorithm at each step of the iteration. Inputting the body forces is achieved by reading the UDF in the momentum source panel in FLUENT. Finally the body force loaded sub-domain is rotated about the 
Figure 3. Vortex elements and the horse shoe vortex on the blade mean surface axis of the propeller at its rated rpm to simulate the realistic rotating propeller. Fig. 4 shows the subdomain on application of propeller body forces.
The moving reference frame (Rotation)
The objective of assigning the moving reference frame is to achieve the rotation of the propeller domain with body forces at its rated rpm. By default, the solver deals with the equations of fluid flow in a stationary (or inertial) reference frame. In the case of ship hull with a rotating propeller at the aft, either the radial average of body force should be applied at the propeller swept volume or a rotating reference frame which incorporates the real rotation effect should be used. It is advantageous to solve the equations in a moving (or non-inertial) reference frame. The input is given as rotational velocity in radians/s about the propeller rotational axis in appropriate direction. Refer In this case, the moving propeller renders the problem unsteady when viewed from the stationary frame. With a moving reference frame however, the flow around the moving part can be modeled as a steady-state problem with respect to the moving frame.
The moving reference frame modeling capability allows in activating the moving reference frame in selected cell zones. With this activation, the equations of motion are modified to incorporate the additional acceleration terms which occur due to the transformation from the stationary to the moving reference frame. By solving these equations in a steady-state manner, the flow around the moving parts can be modeled.
CASE STUDY: SIMULATION OF PROPELLER -HULL INTERACTION ON THE KCS HULL WITH KP505 PROPELLER Principal characteristics of the KCS hull
The principal particulars of the ship hull are given in Table 1 , and propeller details are given in Table 2 . The hull form is given in Fig. 6 , and the propeller geometry in Fig. 7 . Blade geometry characteristics are given in Table 3 . Simulation of Propeller -Hull Interaction Using Ranse Solver International Journal of Ocean and Climate Systems The sequences in the running are as follows:
Step 1 At the first step the bare hull is run and the velocity distribution obtained at the propeller inlet section is shown in Table 4 . For turbulence modeling, the Shear Stress Transport (SST) k − ω model was used. This model combines effectively the k − ω model in the near-wall region with the k − ε model in the far field free-stream domain. The definition of the turbulent viscosity is modified to account for the transport of the turbulent shear stress. The settings in FLUENT are given later in Table 9 .
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Step 2
The circulation distribution corresponding to the above axial velocity distribution, for the required thrust and advance coefficient, is obtained.
Step 3 The radial velocity distribution obtained in Table 4 , and the circulation computed in Step 2 above, is applied in VLM to obtain the body forces. The VLM, basically a blade design code, is modified to obtain as outputs the X, Y and Z components of non-dimensionalised thrust offered by span wise and chord wise singularities. At this stage a thrust correction is also applied to account for viscous effects. The typical listing of the non-dimensionalised thrust values and their location co-ordinates, as applied on the candidate hull (KCS container ship) are shown in Table 5 -7. The co-ordinates are with reference to the propeller shaft centre line. The points are then transferred to the co-ordinates with reference to the fluid domain, as shown in Table 8 .
Step 4 The body force density functions are input into the propeller swept volume through the UDF link to the RANSE solver to obtain the updated wake distribution. Steps 2 to 4 are iteratively run till there is no change in the circulation distribution in the successive step, within tolerance. 
Settings for FLUENT Computational Domain and Grid System
Based on ITTC 1999 recommendation, the computational domain was chosen with length of the domain upstream of the hull being 1.9 L PP , downstream being 2.5 L PP , width of L PP on both sides and depth being 0.7 L PP , L pp refers to the ship length between perpendiculars. Block structured hexahedral grid was used for the domain descretization. For initialization in general, all the flow variables are set to zero values and the simulation converges towards the steady state. The gridded domain was marked and separated in order to demarcate water and air regions as separate entities, and the regions patched and allocated appropriate volume fraction values. In order to initialize, the X-component (along the length) velocity at air and water inlet were set to free stream velocity corresponding to the model speed of 2.196 m/s, at the start of computations and all other variables set to zero. The UDF was interpreted and the source terms added.
The boundary conditions were set with the same velocity inlet at the domain inlet, out flow at the domain outlet, wall with slip and zero shear (at free surface and at the bottom and side wall) and wall with no slip (over the hull surface) conditions (Fig. 8) .
Block structured multi-block grids in ANSYS ICEM CFD was used to generate numeric grids in the domain. The region near hull was meshed with O-grid to capture the frictional resistance. The difficulty of gridding the sub domain with in presence of complicated blade geometry is avoided in this method. Fine mesh was used to represent the cylinder representing the propeller swept volume by O grids, see Fig. 3 .
RESULTS AND CONCLUSION
The numerical results based on simulation of the self propulsion condition in the KCS container ship are given in Fig. 10 to 22. The comparisons from literature are included in Fig. 9 , 10, 19 and 20. The cross flow vectors have been well captured in the present simulation as seen in Fig. 10 . The axial, radial and tangential velocity components at both the inlet and outlet of the propeller have been realistically captured and are depicted in Fig. 11 to 16 . The wave elevation contours are compared in Fig. 19 . The kinematics are presented for the ship speed corresponding to Fn = 0.26. By coupling the propeller into the ship flow simulation using the UDF, the augmented resistance and self propulsion point has been successfully obtained. The thrust deduction fraction has been obtained as 0.14. This is quite realistic for the hull form considered.
In conclusion, a computationally efficient method is presented for obtaining the dynamics and associated kinematics of the propeller-ship interaction.
200
Simulation of Propeller -Hull Interaction Using Ranse Solver
International Journal of Ocean and Climate Systems 
